We report quasi-two-dimensional Dirac fermions and quantum magnetoresistance in LaAgBi2. The band structure shows several narrow bands with nearly linear energy dispersion and Diraccone-like points at the Fermi level. The quantum oscillation experiments revealed one quasi-twodimensional Fermi pocket and another complex pocket with small cyclotron resonant mass. The in-plane transverse magnetoresistance exhibits a crossover at a critical field B * from semiclassical weak-field B 2 dependence to the high-field unsaturated linear magnetoresistance which is attributed to the quantum limit of the Dirac fermions. Our results suggest the existence of quasi 2D Dirac fermions in rare-earth based layered compounds with two-dimensional double-sized Bi square nets, similar to (Ca,Sr)MnBi2, irrespective of magnetic order.
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I. INTRODUCTION
Dirac fermions with linear energy-momentum dispersion and corresponding Dirac cone states have been observed in two-dimensional graphene 1,2 and the surface of topological insulators (TI). 3, 4 It is believed that the two bands with the opposite (pseudo)spins cross each other without hybridization giving the linear energy dispersion. Unlike the conventional electron gas with parabolic energy dispersion where Landau levels (LLs) are equidistant, 5 the distance between the lowest and 1
st
LLs of Dirac fermions in magnetic field is very large. So the quantum limit where all of the carriers occupy only the lowest LL is easily realized even in moderate fields.
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Consequently some quantum transport phenomena such as quantum Hall effect and large linear magnetoresistance (MR) could be observed in the regular magnetic field in Dirac fermion system. [6] [7] [8] [9] [10] Thus, Dirac materials are now one of the central topics of condensed matter physics.
In addition to nanoengineered or surface materials such as graphene and TIs, the Dirac fermions and Dirac nodes were observed or predicted in bulk crystals of iron-based superconductor parent material BaFe 2 As 2 , 9-12 (Sr/Ca)MnBi 2 bismuth based layered magnetic compounds [13] [14] [15] [16] and in a molecular organic conductor α−(BEDT-TTF) 2 I 3 .
17 Among them, SrMnBi 2 contains alternatively stacked two MnBi 4 tetrahedron layers and a two-dimensional (2D) Bi square net separated by Ca atoms along the c-axis. The linear energy dispersion originates from the crossing of two Bi 6p x,y bands in the double-sized Bi square nets corresponding to the double-sized Néel-type antiferromagnetic (AFM) Mn unit cell. 13 However, in a SrMnBi 2 -type structure, the nonmangetic unit cell still contains two Bi atoms in the Bi square net due to the occupation of Sr atoms. 18 In previous report, 13 all the analysis is based on the electronic structure of SrMnBi 2 in antiferromagnetic state. Hence, the effect of AFM order within MnBi 4 layers in the formation of Dirac nodes and whether any unit cell symmetry with double-sized Bi unit cell can host Dirac fermions is not completely clear. Besides, the engineering of Dirac states is of the great interest. With the change of band parameters in deformed graphene, Dirac points may merge or be completely removed. 19 Similarly in bulk crystals, hopping terms and the band parameters can be tuned by changing the lattice parameters, hybridization or the space group of the crystallized structure. It was reported that SrMnBi 2 and CaMnBi 2 host Dirac dispersion of different nature. Even though the conduction and valence bands touch at the Dirac point in both materials, the details are different due to the different stacking of nearby alkaline earth atoms and the different hybridization. For SrMnBi 2 , the zero-energy gap is found only at a specific point, while it is found along the continuous line in the momentum space for CaMnBi 2 .
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Hence exploring new bulk compounds with similar structure to SrMnBi 2 may provide more profound comprehension of Dirac band crossing mechanisms in bulk crystal.
Here we report quasi-2D Dirac fermions in the LaAgBi 2 single crystal which has similar crystal lattice structure with CaMnBi 2 , but without magnetic ions.
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The band structure shows several narrow bands with nearly linear energy dispersion and Dirac-cone-like points at the Fermi level. The quantum oscillation experiments show one quasi-two-dimensional Fermi pocket and another very complex electron pocket with small cyclotron resonant mass. The in-plane transverse magnetoresistance exhibits a crossover at a critical field B * from semiclassical weak-field B 2 dependence to the high-field unsaturated linear magnetoresistance due to the quantum limit of the Dirac fermions. The temperature dependence of B * satisfies quadratic behavior, which is attributed to the splitting of linear energy dispersion in high field. Our results demonstrate that Dirac fermions in bulk crystals can also be found in the absence of magnetic order and imply possible universal existence of two dimensional Dirac fermions in layered structure compounds with twodimensional double-sized Bi square nets.
II. EXPERIMENTAL
Single crystals of LaAgBi 2 were grown using a hightemperature self-flux method. 21 The resultant crystals are plate-like. X-ray diffraction (XRD) data were taken with Cu K α (λ = 0.15418 nm) radiation of Rigaku Miniflex powder diffractometer. Electrical transport measurements up to 9 T were conducted in Quantum Design PPMS-9 with conventional four-wire method. In the inplane measurements, the crystal was mounted on a rotating stage such that the tilt angle θ between sample surface (ab-plane) and the magnetic field can be continuously changed, with currents flowing in the ab-plane perpendicular to magnetic field. The de Haas-van Alphen (dHvA) oscillation experiments were performed at National High Magnetic Field Laboratory, Tallahassee. The crystals were mounted onto miniature Seiko piezoresistive cantilevers which were installed on a rotating platform. The field direction can be changed continuously between parallel and perpendicular to the c-axis of the crystal. First principle electronic structure calculation were performed using experimental lattice parameters within the full-potential linearized augmented plane wave (LAPW) method 22 implemented in WIEN2k package. 23 The general gradient approximation (GGA) of Perdew et al., was used for exchange-correlation potential. 24 The LAPW sphere radius were set to 2.5 Bohr for all atoms, and the converged basis corresponding to R min k max = 7 with additional local orbital were used where R min is the minimum LAPW sphere radius and k max is the plane wave cutoff. Spin-orbit coupling for all elements were took into account by a second-variational method with the scalarrelativistic orbitals as basis which was implemented in WIEN2k. Fig. 1(a) shows the powder XRD pattern of flux grown LaAgBi 2 crystals, which were fitted by RIET-ICA software. 25 All reflections can be indexed in the P4/nmm space group. The determined lattice parameters are a = b = 0.4582(8) nm and c = 1.062(4) nm, in agreement with the published data. 21, 26 The basal plane of a cleaved crystal is the crystallographic ab-plane where the 2D Bi layers (Bi2, the red balls in Fig. 1(b) ) are located. Contrary to CaMnBi 2 , the adjacent 2D Bi layers along c-axis are separated by La atoms and AgBi layers without magnetic ions ( Fig. 1(b) ). This makes LaAgBi 2 an ideal system to clarify the role of magnetic ions in the formation of Dirac fermions in CaMnBi 2 and other similar compounds. esting, probably at the Fermi level, there are two Diraccone-like points along Γ − M , R − Z directions and at X points in the Brillouin zone (red circles in Fig. 1(d) ). Compared to the band structure without spin-orbit interaction in Fig. 1(c) , the spin-orbit coupling induces the gap at the Dirac-cone-like points and a lowering of the Fermi level around 20 meV in Fig. 1(d) . Besides these, the band structure with and without spin-orbit coupling looks similar and the essential features of the FS's remain almost the same In Fig. 2(a) , the Fermi level is located at the edge of the gap, and the main peaks of DOS from La, Ag and Bi1 are located far below the Fermi level. The conducting electrons in LaAgBi 2 are mainly due to 5p from Bi2, while there is little contribution from other atoms as shown in Fig. 2(a) . So the linear bands and the Dirac-cone like points at the Fermi level mainly originate from Bi bands. In (Sr/Ca)MnBi 2 , the antiferromagnetic order of Mn moments doubles the unit cell. Consequently two Bi 6p x,y bands in the doublesized Bi square nets cross each other without significant hybridization and form the linear bands and Dirac-cone like points. 13, 14 There are no magnetic ions in LaAgBi 2 , but there are still two Bi2 atoms per unit cell because of the occupation of La ions (one above and another below the Bi2 layer), as shown in Fig. 1 (b). This will lead to the folding of the dispersive p orbital of Bi2. The two p x,y bands from two Bi2 atoms cross each other at a single point and then form the nearly linear band and Diraccone-like point around the Fermi level ( Fig. 1(c) ). Correspondingly the Fermi pockets along Γ-M ( Fig. 2(d) ), and the one along R − Z directions and at X points ( Fig.  2(b) ) host Dirac fermions.
III. RESULTS AND DISCUSSIONS
It is important to compare the similarity/difference of the Dirac dispersion between LaAgBi 2 and (Sr/Ca)MnBi 2 .
In (Sr/Ca)MnBi 2 , conduction and valence bands touch at the Dirac point in both materials, but the details are different due to the different stacking of nearby alkaline earth atoms and the different hybridization. For SrMnBi 2 , the zero-energy gap is found only at a specific point, while it is found along the continuous line in the momentum space for CaMnBi 2 .
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Since the crystal structure of LaAgBi 2 is identical to CaMnBi 2 , there is also continuous zero-energy gap line in LaAgBi 2 which is different from SrMnBi 2 . But due to the different valence and hybridization between La and Ca ions as well as the nomagnetic Ag ions, some difference is expected in Fermi surfaces and Dirac dispersions. In CaMnBi 2 , the Dirac pocket (electrons) is only observed along Γ-X line, 20 but in LaAgBi 2 there are Dirac electron pockets along Γ-X and Γ − M lines ( Fig. 1  and Fig. 2 ). In addition, the magnetic order of Mn ions is important to expel the states from the Fermi level, in contrast several regular parabolic bands cross the Fermi level in LaAgBi 2 ( Fig. 1(c) ). These observations indicate that the magnetic order in (Sr/Ca)MnBi 2 is not the key ingredient in the Dirac cone formation mechanism in 2D Bi layers and points out a direction for the search of new Dirac materials. Nevertheless, the magnetic order or electronic correlation can still remove other parabolic bands from the Fermi level. Linear bands and Dirac fermions have considerable effects on the transport properties of materials. The inplane resistivity ρ ab of LaAgBi 2 single crystal is metallic in the whole temperature range with a significant anomaly at ∼ 30 K (Fig 3(a) ). Similar behavior was observed in LaAgSb 2 which was attributed to the possible charge density wave (CDW) order and possibly implies the same order/transition in LaAgBi 2 . The external magnetic field significantly enhances the resistivity below 30 K, but has little influence on the transport behavior above 30 K (Fig. 3(a) ). The magnetoresistance of LaAgBi 2 shows significant dependence on the field direction (Fig 3(b,c) ). The crystal was mounted on a rotating stage such that the tilt angle θ between the crystal surface (ab-plane) and the magnetic field can be continuously changed with currents flowing in the ab-plane perpendicular to magnetic field, as shown in the inset of Fig. 3(c) . Angular dependent magnetoresistance ρ(B, θ) at T ∼ 2 K is shown in Fig. 3(b) and (c). When B is parallel to the c-axis (θ = 0 o , 180 o ), the MR is maximized and is linear in field for high fields. With increase in the tilt angle θ, the MR gradually decreases and becomes nearly negligible for B in the ab-plane (θ = 90 o ), as shown in Fig. 3(b) . Angular dependent resistivity in B = 9 T and T = 2 K shows wide maximum when the field is parallel to the c-axis (θ = 0 o , 180 o ), and sharper minimum around θ = 90 o , 270 o (Fig. 3(c) ). Hence, the Fermi surface of LaAgBi 2 is highly anisotropic along ab-plane and c-axis.
LaAgBi 2 exhibits very large linear magnetoresistance. At 2 K, the MR is linear in the high field region and reaches ∼ 1200% in 9 T field (Fig. 4 (a) ). This linear behavior extends to a very low crossover fields B * where the MR naturally reduces to a weak-field semiclassical quadratic response. In order to extrapolate the crossover field B * , we plot the field derivative of MR, dMR/dB, in 
This indicates that the MR for B > B
* is dominated by a linear field dependence plus a very small quadratic term (MR= A 1 B + O(B 2 )). With increasing temperature, the field range where linear MR appears shrinks and MR decreases. Ultimately we cannot observe any linear MR below 9 T and above 100 K. The cross-over field B * is defined as the value where the fitting lines cross each other. Below 9 T and 50 K, the evolution of B * with temperature is parabolic (Fig. 5(a) ).
The linear MR which evidently deviates from semiclassical transport behavior in metal has been observed in bulk crystals of Ag 2−δ (Te/Se), 27, 28 linear bands in the bulk. 9, [11] [12] [13] The energy splitting between the lowest and 1 st LLs of Dirac fermions can be described by △ LL = ±v F √ 2ehB where v F is the Fermi velocity. 7, 8, 30, 31 In the quantum limit △ LL is larger than both the Fermi energy E F and the thermal fluctuations k B T . All carriers occupy the lowest Landau level and therefore the quantum transport with linear magnetoresistance dominates the conduction. The critical field B * above which the quantum limit is satisfied at specific temperature T is B * = 1 2ehv 2
The B * (T ) in LaAgBi 2 can be well fitted by the above equation, as shown by the solid line in Fig. 5(a) . This confirms the existence of Dirac fermion states in LaAgBi 2 . In a multiband system with dominant Dirac states and conventional parabolic-band carriers (including electrons and holes), the coefficient of the low-field semiclassical B 2 quadratic term, A 2 , is related to the effective 
MR mobility
(µ e + µ h ) = µ MR (where σ e , σ h , µ e , µ h are the effective electron and hole conductivity and mobility in zero field respectively). The effective MR is smaller than the average mobility of carriers µ ave = µe+µ h 2
and gives an estimate of the lower bound.
9,10 Fig. 5(b) shows the dependence of µ MR on the temperature. At 2 K, the value of µ MR is about 1200 cm 2 /Vs in LaAgBi 2 which is larger than the values in conventional metals. With increasing temperature, the linear MR, the linear term coefficient A 1 and µ MR are suppressed due to the temperature smearing of the Landau level splitting.
In order to further clarify the electronic structure and Dirac fermions in LaAgBi 2 , we performed first principle Fermi surface calculations and dHvA oscillation measurement on LaAgBi 2 single crystal. Fig. 2(b-d) shows the topology of the theoretical Fermi surfaces of three different pockets for LaAgBi 2 , respectively. Centered at X point, there are very small ellipsoid electronic pockets with the long axis along Γ − Z directions, corresponding to the Dirac-cone-like point at X point in band structure.This Fermi pocket predicts the presence of a dHvA oscillation frequency of about 82 T. At the center of the Brillouin zone, there is a big hollow cylindrical hole pocket.This hole pockets is nearly ten times larger than previous ellipsoid pocket and predicts a frequency of ∼ 1000 T. These two pockets are nearly isotropic in ab-plane but different along c-axis. In addition, there is another complex electron pocket along diagonal direction. This pocket is highly anisotropic along three axis, corresponding to the anisotropic point in Γ − M direction in band structure. This complex pocket will give two similar frequencies of 370 T and 320 T. It is of interest to note that the theoretical hole and electron Fermi surfaces are compensated, similar to semimetals. The quantum oscillation provide a direct probe of the Fermi surface. In metals, quantum oscillations correspond to successive emptying of LLs by the magnetic field and the oscillation frequency is related to the cross section area of the Fermi surface S F by the Onsager relation F = (h/2πe)S F . 7, 8, 32 From the temperature evolution of the oscillation amplitude, one can deduce the effective cyclotron resonant mass by the fitting using Lifshitz-Kosevitch formula.
32 From the evolution of these frequencies as a function of the magnetic field orientation (θ) and temperature, one can construct a detailed picture of the size and shape of the Fermi surface. Fig.  6(a) and (b) show the typical dHvA oscillations and the Fourier transform (FFT) spectrum of the oscillations for LaAgBi 2 single crystal with different magnetic field direction. When the magnetic field is close to perpendicular to the ab plane (θ close to 0 o ), the signal exhibits significant oscillation (Fig. 6(a) ). The FFT spectrum of the oscillations (Fig. 6(b) ) exhibit two peaks at ∼ 67 and 300 T which are labeled as α and β. There is another peak at 135 T which corresponds to the double frequency of peak α. With increasing θ, oscillations are weaker and the peak α shifts to higher frequency. More interestingly, the peak β splits to two peaks (labeled as β and η). One of them (β) shifts to lower frequency but another (η) shifts toward higher frequency with increasing angle.
The detailed angular dependence of the three FFT frequencies in the oscillation are shown in Fig. 7(a) . For a 2D FS (a cylinder), the cross section has S F (θ) = S 0 /| cos(θ)| angular dependence and the oscillation frequencies should be inversely proportional to |cos(θ)|. For a sphere Fermi pocket, the cross section for all magnetic field direction is a constant and the oscillation frequencies should not be angular dependent. 7, 32 In Fig. 7(a) , the angular dependence of the oscillation frequency α (∼ 67 T at θ = 0) multiplied by cos θ (open squares) does not show significant dependence on the field angle θ, indicating a quasi-2D Fermi pocket. The temperature evolution of the oscillation amplitude gives a cyclotron mass m ∼ 0.056m e where m e is the bare electron mass (Fig. 7(b) ) and similar to previous observation. 21 The oscillation frequency and mass is close to the ellipsoid electron pocket at X point. Other two pockets β and η should not come from the hollow cylinder hole pocket at the center of the Brillouin zone, because the hole pocket is nearly one hundred times bigger than the ellipsoid electron pocket but the oscillation frequencies for β and η is only ten times bigger the α. Moreover, these two pockets show similar effective mass (m β ∼ 0.14(2)m e , m η ∼ 0.16(5)m e ) (Fig. 7(b) ). These two oscillation frequencies should correspond to the highly anisotropic pockets locating along the edge and diagonal directions in Brillouin zone (Fig. 2(d) ) since the oscillation frequencies were close to the theoretical values. but in our in-plane measurement, the magnetic field is along [100] direction. Since we cannot change the in-plane field direction, we can not distinguish these two pockets from the angular dependent oscillation frequency in present measurement. For pocket η, the quantum oscillation frequency, F × cos θ decreases a little bit with increasing θ, but its change is much smaller when compared to pocket β. This is consistent with the calculated Fermi surface (Fig. 2(d) ), which shows that the dispersion along k z direction is much smaller than the value along k x and k y directions. Besides that, the Dirac fermions with linear bands have much larger mobility and Fermi velocity than the regular carriers, and will dominate the transport properties. Hence, the angular dependent magnetoresistance (Fig. 3(b) and (c)) should come from the quasi-two-dimensional Dirac Fermi pockets.
Our results demonstrate the possible universal existence of two dimensional Dirac fermions in layered structure compounds with two-dimensional Bi square nets, irrespective of magnetic order. So it is important to study the relationship between the CDW transition and the Dirac fermions. For the systems with charge density wave or spin density wave, the phase transition often induces band-folding of some Fermi surface sections. CDW was found in LaAgSb 2 and LaSb 2 , where calculated Fermi surfaces without CDW transition agree very well with low-temperature quantum oscillation results in CDW state. [33] [34] [35] In LaAgBi 2 , the observed three frequencies are consistent with the calculated Fermi surfaces along Γ-M and Γ-X directions (Fig. 2(b) and (d) ) after a moderate energy shift (∼ 20 meV), but the large hole pockets centered at Γ point is absent in the dHvA oscillation, which is similar to the results in LaAgSb2. 33, 35 Hence, the CDW transition most likely smears out the large hole pocket and induces the shift of the energy of other three pockets which host Dirac fermions. The x-ray scattering experiments in LaAgSb 2 revealed that the nesting of the Fermi surfaces responsible for the two CDWs happens in band 1 centered at Γ point and band 3 extending throughout the zone with the vertices of the squares at the X point. The Fermi surfaces of LaAgBi 2 should be similar to these of LaAgSb 2 because of the similar structure. So it could be expected that the nesting happens in the band centered at Γ point (Fig. 2(c) ) in LaAgBi 2 . The band α of LaAgBi 2 centered at X point ( Fig. 2(a) ) which hosts Dirac fermions remains unaffected by the nesting or CDW transition. The band 3 in LaAgSb 2 separates to two bands (β, η) ( Fig. 2(d) ) in LaAgBi 2 which lose the nesting condition. So the bands which host Dirac fermions in LaAgBi 2 are most likely intact at the CDW transition.
IV. CONCLUSION
In summary, first-principle calculation, de Hass-van Alphen oscillation study of the electronic structure and magnetoresistance behavior of LaAgBi 2 show striking similarity to properties of (Sr,Ca)MnBi 2 . LaAgBi 2 has no magnetic ions and is a paramagnetic metal without long range magnetic order. Yet, the band structure clearly shows several narrow bands with nearly linear energy dispersion and Dirac-cone-like points at the Fermi level. This is in agreement with the quantum oscillation experiments that revealed three Fermi pockets with small cyclotron resonant mass. The in-plane transverse magnetoresistance exhibits a crossover at a critical field B * from semiclassical weak-field B 2 dependence to the high-field unsaturated linear magnetoresistance which is a hallmark of the quantum limit of the Dirac fermions. The temperature dependence of B * satisfies quadratic behavior, which is attributed to the splitting of linear energy dispersion in high field. Our results demonstrate the possible universal existence of two dimensional Dirac fermions in layered structure compounds with two-dimensional Bi square nets, irrespective of magnetic order.
